BACKGROUND: Standard magnetic resonance imaging (MRI) of the prostate lacks sensitivity in the diagnosis and staging of prostate cancer (PCa). To improve the operating characteristics of prostate MRI in the detection and characterization of PCa, we developed a novel, enhanced MRI diffusion technique using restriction spectrum imaging (RSI-MRI). METHODS: We compared the efficacy of our novel RSI-MRI technique with standard MRI for detecting extraprostatic extension (EPE) among 28 PCa patients who underwent MRI and RSI-MRI prior to radical prostatectomy, 10 with histologically proven pT3 disease. RSI cellularity maps isolating the restricted isotropic water fraction were reconstructed based on all b-values and then standardized across the sample with z-score maps. Distortion correction of the RSI maps was performed using the alternating phase-encode technique. RESULTS: 27 patients were evaluated, excluding one patient where distortion could not be performed. Preoperative standard MRI correctly identified extraprostatic the extension in two of the nine pT3 (22%) patients, whereas RSI-MRI identified EPE in eight of nine (89%) patients. RSI-MRI correctly identified pT2 disease in the remaining 18 patients. CONCLUSIONS: In this proof of principle study, we conclude that our novel RSI-MRI technology is feasible and shows promise for substantially improving PCa imaging. Further translational studies of prostate RSI-MRI in the diagnosis and staging of PCa are indicated.
INTRODUCTION
Multiparametric magnetic resonance imaging (MRI) is an emerging diagnostic tool for the screening, staging and treatment of prostate cancer (PCa). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] However, prostate MRI demonstrates variable sensitivity (49-88%) and specificity (84-89%), which currently limits its clinical utility. 2, 3, 14 Standard diffusion-weighted imaging (DWI) improves the operating characteristics of prostate MRI. 2, 3, 14, 16, 18, 19 DWI detects the diffusivity of microscopic water and subsequently reflects the cellularity and integrity of cells imaged. When combined with T2-weighted imaging and dynamic contrast-enhanced imaging, DWI improves sensitivity and specificity of PCa diagnosis by increasing tumor conspicuity. 2, 14, 16, 18, 19 DWI also suffers from distortion due to magnetic field inhomogeneity 20 and relatively high false-positive rates owing to hemorrhage (for example, from prior biopsy), inflammatory processes and benign nodules in the transitional zone. 21 In order to overcome these challenges and improve magnetic resonance detection of PCa, we have developed a novel, sophisticated diffusion method termed prostate restriction spectrum imaging (RSI) or RSI-MRI. 22, 23 By collecting a broader, more extended spectrum of diffusion images, 22 combined with sophisticated modeling of differential water compartments in tissue and correction of spatial distortion, 24 RSI-MRI theoretically focuses on the signal emanating from the intracellular water compartment of tumor cells and thereby minimizes false-positive signals. 25 A similar RSI technique, recently applied to brain imaging, enhanced the signal of glioblastoma multiforme tumors by 10-fold. 23 In this pilot clinical study, we determined the clinical utility of our novel prostate RSI-MRI technique to stage PCa by assessing the accuracy of RSI-MRI to detect extraprostatic extension (EPE) of tumor.
MATERIALS AND METHODS

Restriction spectrum imaging
In this institutional review board approved study, 28 patients underwent standard T2, perfusion (with Gadolinium) and diffusion protocols at 3 T (Siemens, Erlangen, Germany) with an endorectal coil ( Table 1 ). All imaging was performed at a single institute. The 28 patients had biopsy-proven PCa and an MRI was performed for presurgical planning. The restriction spectrum protocol parameters included b-values 0, 800, 1500 and 4000 s mm −2 in 30 unique diffusion directions for each nonzero b-value. RSI cellularity maps isolating the restricted isotropic water fraction 22 were reconstructed based on all b-values, and then standardized across the sample with z-score maps. The z-score maps were calculated by (i) measuring the mean and s.d. of normal prostate signal from the raw RSI cellularity maps across the patient pool, (ii) subtracting this measured mean value from each subjects RSI cellularity map and (iii) dividing by the measured normal prostate s.d. Correction of image distortions in RSI maps due to B0 field inhomogeneities was performed using the alternating phase-encode technique. 24 As per standard clinical protocol, radiology reports were generated by an experienced radiologist for each of the patients blinded to the RSI results ( Table 2 ).
Correlation of RSI-MRI with histopathology
Whole-mount histopathology was performed on the 28 enrolled patients who underwent RSI-MRI and subsequent radical prostatectomy. For the 10 radical prostatectomy patients with histologically identified EPE (pT3 disease), presurgical pelvic RSI-MRI imaging was reviewed. Out of 10 patients with histologically identified EPE, 1 patient was excluded due to an error in data collection of the MRI-RSI, where distortion correction was unable to be performed. Thus, a total of nine pT3 patients were used for evaluation in this pilot study.
The area of tumor was identified by an experienced uropathologist (Table 3) . Clinical images were reviewed in a nonblinded fashion to verify performance of RSI-MRI (Figure 1 ), where pathology was available for comparison. Standard MRI (including T2, perfusion and traditional DWI), RSI-MRI and histopathology were compared at a multidisciplinary tumor board consisting of radiologists, urologists and uropathologists. RSI-MRI Restriction spectrum imaging in the prostate RA Rakow-Penner et al Figure 1 . MRI and whole-mount pathology for nine prostate cancer patients with EPE. Column 1: T2-weighted images, column 2: perfusion K trans maps, column 3: standard apparent diffusion coefficient (ADC) maps (b = 0, 100, 400 and 800 s mm
), column 4: RSI z-score maps and column 5: whole-mount pathology with tumor and area of EPE identified. Color bar represents z-scores from zero to seven for the RSI maps. EPE, extraprostatic extension; MRI, magentic resonance imaging; RSI, restriction spectrum imaging.
images were reviewed to determine if the RSI signal extended beyond the prostatic capsule, defined as the T2-hypointense thin line separating parenchymal tissue from extraprostatic fat and neurovascular structures. RSI maps were spatially corrected and overlayed on standard T2 maps to determine whether the RSI signal was intracapsular or bulging, blurring or grossly extending beyond the capsule. This evaluation was then compared with the preoperative MRI radiology reports to determine whether EPE was suspected without RSI-MRI.
RESULTS
Standard MRI
Using the standard preoperative MR protocol (T1 perfusion, T2 and basic diffusion-weighting), patients 1 and 5 demonstrated radiologic findings consistent with capsular involvement and EPE (Table 2) . Patient 4′s imaging findings were suspicious for EPE but not definitive. Patients 3, 6, 7 and 8 demonstrated standard MR radiologic findings consistent with bulging of the capsule, but no indication of EPE. Patient 2′s and patient 9′s standard imaging did not indicate the concern for pathology abutting the capsule.
Restriction spectrum imaging On analysis of RSI-MRI, eight of nine (89%) patients demonstrated EPE ( Figure 1, column 4 ; Table 3 ). For eight of the nine patients, the areas of EPE detected on MRI-RSI correlated with the areas encircled on the whole-mount histopathology. Four of eight (50%) patients with RSI-MRI detected EPE also had positive surgical margins. Two patients (one and three, corresponding to Figure 1 and Table 3 ) had pT3b disease. In patient 1, MRI-RSI demonstrated seminal vesicle involvement. In patient 3, MRI-RSI did not demonstrate any involvement. For patient 9, a patient with histologically proven EPE, MRI-RSI was concerning for tumor bulging the capsule and possible EPE, but not definitively (and considered negative for EPE on MRI-RSI). Figure 2 demonstrates a representative patient who did not demonstrate EPE on histology or imaging. Table 4 presents the data from the 18 patients without histologically proven EPE. For the 18 non-EPE patients, MRI-RSI detected the histologically proven area of pT2 disease.
DISCUSSION
In this pilot clinical study, we demonstrate the potential for our novel prostate RSI-MRI technique to substantially improve upon current imaging-based modalities for the diagnosis and staging of PCa. In our series, RSI-MRI successfully identified pT3 disease in eight of nine (89%) patients, whereas standard MRI accurately identified only two of nine (22%). These data justify further translational studies of RSI-MRI for PCa detection and staging.
RSI-MRI's sensitivity to intracellular diffusivity differentiates it from standard DWI. 22 Extracellular signal emanating from surrounding inflammatory processes and hemorrhage contributes less to the signal detected by RSI-MRI as compared with standard DWI. RSI-MRI minimizes these effects by focusing on the signal emanating from intracellular tumor cells (restricted diffusion within small spherical compartments), with less focus on the extracellular signal (hindered and free water diffusion). RSI-MRI achieves this by collecting diffusion images over an extended b-value range (b = 0-4000 s mm − 2 ) and decomposing the relative contribution from separable water compartments within voxels using a linear mixture model framework. 22, 23 Standard quantitative diffusion techniques acquire data with b-values o 1000 s mm − 2 . In addition, unlike conventional diffusion imaging and apparent diffusion coefficient maps, RSI-MRI maps are distortion corrected and directly overlayed on T2 anatomic images with voxel specific accuracy, permitting more accurate assessment of signal beyond the capsular border. This increases the conspicuity of the EPE.
Current standard MRI prostate protocols lack accurate localization of PCa. RSI-MRI notably improves tumor localization with MRI, potentially rendering MRI more relevant in a variety of clinical scenarios. Presurgical MRI results may provide additional information for clinicians and patients by informing surgical planning (that is, nerve sparing). Other potential applications for RSI-MRI meriting further study include lesion localization for targeting of imageguided biopsies, serial imaging in an active surveillance population and evaluation of posttreatment recurrence following primary radiotherapy. ), column 4: RSI z-score map and column 5: whole-mount pathology with tumor and area of EPE identified. Color bar represents z-scores from zero to seven for the RSI map. EPE, extraprostatic extension; MRI, magentic resonance imaging; RSI, restriction spectrum imaging. Restriction spectrum imaging in the prostate RA Rakow-Penner et al A challenge in further developing clinical applications of RSI-MRI lies in accurately defining its specificity, sensitivity and positive and negative predictive values. Limitations of this current study included the small number of patients, and the retrospective nonblinded nature of the study. This was necessary for this pilot study for innovative methodological development, but suffers due to potential reader bias. It is also important to note that, although we have included surgical margin data, the MRI-RSI results did not inform surgical technique.
An ongoing, blinded prospective study will allow for more detailed evaluations of the operating characteristics of RSI-MRI relative to standard MRI and its ability to inform clinical care. RSI-MRI is a standardized quantitative technique and can potentially be employed across platforms and institutions. The color bar in Figure 1 illustrates the z-score scale for the RSI maps. As the number of enrollees increase, the z-score threshold range for concern for malignancy can be determined by pooling the variance across patients. One of the challenges of standard diffusion imaging, is that the apparent diffusion coefficient values are not standardized across MRI scanners. The z-score is a standardized statistical method and inherently normalizes across the patient pool. Thus, the z-score is a value that can be compared across different scanners and provides a more robust value for relative comparison.
In summary, in this proof of concept study, we present our initial clinical experience with prostate RSI-MRI. RSI-MRI has the potential to substantially improve the radiological detection and characterization of PCa. Further translational studies will focus on defining its operating characteristics with respect to diagnosis and staging.
